Abstract: Thepalladium(0)catalyzedaminationofallylicacetatesandcarbonatesderivativesfromterpenicolefinswascarriedoutundermild conditions.Thereactionoffersaverygoodmethodforthepreparationofallylicaminesandthustoprovideausefulentrytonew functionalizedterpenicolefinproducts.Themechanisminvolvingaformationofp-allyl-palladiumintermediatecomplexisingood agreementwiththeresultsobtainedwiththeopticallyactivesubstrates,aswellasviaananalysisoftheobservedregio-andstereoselectivity.
Introduction
Allylamines are fundamental building blocks in organic synthesis and their preparation is an important industrial goal [1] . They are found in many naturally occurring compounds such as gabaculin [2] , oryzoxymicin [3] and cytosinine [4] . They can be converted to a wide range of products e.g. by functionalization, cleavage or reduction of the C=C bond [5] [6] [7] . Palladium-catalyzed allylic amination is a well-established process in organic synthesis and an efficient method for the formation of allyl-nitrogen bonds [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Recently, Nguyen et al. have reported efficient palladium catalytic systems for the allylic amination of monoterpenic acetates [18] . The catalytic systems combining a Pd(ii) precursor and a ferrocenylphosphine ligand shows an excellent selectivity. The reaction proceeds under mild conditions of temperature both with primary and secondary amines. Furthermore, several stereoselective allylic substitutions including allylic amination have been reported using palladium catalysts [19] [20] [21] [22] [23] [24] . Buono et al. have shown that a Pd(0) asymmetric amination reaction on a prochiral substrate using various secondary amines proceeds as well in both the presence and the absence of an acceptor base [25] .
However, although the palladium-catalyzed amination of allylic functionalized simple alkenes has been extensively studied, to our knowledge few works have been devoted to the corresponding reactions using natural terpenic alkenes derivatives [18, 26, 27] . Previously we have reported that the alkoxycarbonylation and the oxidative cleavage of allylic natural terpenic olefins, offers a very good method respectively for the preparation of new β,γ-unsaturated esters and ketoacids [28, 29] , which are of considerable value for the perfumery and pharmaceutical industry [30] [31] [32] [33] [34] , as well as useful synthetic intermediates and chiral building blocks [35] [36] [37] . While the allylic amination in the presence of a palladium catalyst is known [24] , its application to naturally occurring terpenes is interesting, because it serves as a tool for the synthesis of new enantiomerically pure amines. These deserve interest as ligands for transition metals presumably valuable for asymmetric catalysis.
Herein we describe the catalytic Pd(0) amination reaction of allylic acetates and carbonates having limonene, pinene or myrcene skeletons obtained from the corresponding allylic alcohol, using various secondary amines as nucleophiles. When the reaction was carried out from optically active allyl functionalized monoterpenes as substrates, attention was paid to the optical purity of the reaction products and the mechanistic implications of the results are discussed.
Experimental Procedures

General remarks
Allyl carbonates and allyl acetates were synthesized using procedures described below. Solvents were commercial grade. Catalysts and ligand were used without further purification. THF and ether were freshly distilled from sodium benzephenone ketyl and stored under nitrogen atmosphere. Reactions involving the use of palladium catalysts were run under a nitrogen atmosphere. The reaction mixtures were analyzed on a Varian 3400 CX series chromatograph equipped with a FiD, using silica capillary columns CP Sil 5 CB (20 m × 0.33 mm, Chromapack). A BP5 (25 m × 0.25 mm) capillary column was used for GC/MS coupled analyses with a Saturn 2000 spectrometer. Optical rotations were measured on a Perkin-Elmer 343 polarimeter. The NMR spectra were recorded on a Brucker AM 400 in CDCl 3 solution by using TMS as an internal standard (all chemical shifts are given in ppm and were assigned making use of one and two dimensional NMR techniques HMBC, HMQC, COSY and NOESY).
Preparation of allyl carbonates
To a cold (0°C) and stirred solution of the allylic alcohol (100 mmol) and dry pyridine (200 mmol) in dry ether (100 mmol) was added ethyl chloroformate (100 mmol) dropwise over 15 min. The mixture was stirred at room temperature for 3 h and then dilute hydrochloric acid was added. After extraction with ether, the organic layer was washed with water and dried over MgSO 4 . Following the evaporation of the solvent, allyl carbonates were isolated in yields varying between 90 and 96%.
Preparation of allyl acetates
To a solution of the allylic alcohol (6.5 mmol) in 10 ml of CHCl 3 were added acetic anhydride (7.2 mmol) and trimethylamine (7.3 mmol). The reaction mixture was stirred at room temperature overnight. After adding a solution of NaHCO 3 , the mixture was extracted by CHCl 3 . The organic phase was dried and the solvent removed leading to virtually pure allyl acetates in yields up to 90%.
General procedure for the allylic amination
To a stirred solution of Pd(dba) 2 (0.044 mmol) in 5 ml of dry THF under nitrogen atmosphere were added at room temperature 2 equivalents of ligand with respect to palladium. Stirring was continued for 10 min, then allylic substrate (1.76 mmol) and Et 3 N (4.4 mmol) were introduced, followed after an addional 5 min by adding in one portion of secondary amine (4.4 mmol). The mixture was stirred at room temperature for the indicated time. Aliquot samples were taken at regular intervals and analyzed by GC until no further evolution was detected. After evaporation of the solvent, the residue was taken up in diethyl ether (10 ml) and washed with 3% HCl solution until the pH continued to be acidic using litmus paper. The mixture was filtred and concentred in vacuo. The residue was purified by column chromatography using silica gel with Hexane/AcOEt as the eluent, and the resulting amines were subjected to NMR analysis. (14) . 13 
Results and Discussion
Amination of allylic terpenic acetates
We examined first the reaction amination of myrtenyl acetate 1 ( With different secondary amines, the reaction proceeds highly selectively under mild conditions to afford β,γ-unsaturated amines (2a, 2b, and 2c) with good yield (up to 94%).
The reaction occurs either in presence or absence of Et 3 N as the acceptor base, resulted in a good yield of the product (Table 1) . Table 1 shows that all amines formed preserved an optical activity (entries 1, 2 and 3). We have also studied the amination of 1 in the presence of a variety of ligands using morpholine as nucleophile and Et 3 N as the acceptor base. The results are summarized in the Table 2. in the absence of ligands practically no reaction took place (entry 1). in the same way, P(o-(tolyl)) 3 (entry 4) or 2-2'-dipyridyl (entry 5) lead to unsatisfactory result. The use of a bidentate ligand such as 1,2-bis(diphenylphosphino)ethane (dppe) (entry 3) lead to similar result like that with PPh 3 (entry 2). The Pd(dba) 2 / dppe system which gives the same result with 1 was then used under identical conditions to catalyse the amination of acetates 3 ([α] D = -85.3 at c= 2, CHCl 3 ) and 5 derived from perillyl and geranyl alcohols respectively. The results obtained are collected in Table 3 .
As shown in Table 3 , the acetates 3 and 5 were less reactive than the myrtenyl acetate 1, and both triphenylphosphine and dppe gave only moderate yields. The result obtained with geranyl acetate 5 was less efficient than the one reported by Nguyen et al. [18] using palladium-ferrocenylphosphine catalytic systems. it is noteworthy that all amines derived from optically active perillyl acetate 3 exhibit optical activity. The fact that palladium catalyzed reactions always take place with terminal attack [38] [39] [40] and amination of geranyl acetate 5 shows a higher regiospecificity, leads exclusively to the allylic amines 6a, 6b and 6c. We have also checked the allylic amination of the acetate 7 ([α] D = -33.4 at c= 2, CHCl 3 ) derived from ciscarveol prepared by reduction of (R)-carvone with LiAlH 4 . The resulting amine 8 was obtained in moderate yield (40%) and was found to be optically inactive (Scheme 2). From a NOE (Nuclear Overhauser Effect) experiment on the product 8, the configuration of the proton in position 2 was to be cis to the proton in position 4.
Amination of allylic terpenic carbonates
To examine the extension of the reaction, we have investigated the catalytic amination with Pd-dppe system, of allylic terpenic carbonates (9-11) prepared from the corresponding allylic alcohols according to the literature method [41] . Table 4 show that the mertynyl carbonate 9 was the most reactive (compare the results with those for coumponds 10 and 11). The increase of the temperature to 50°C resulted in slightly lower yields. 
Mechanistic aspects
it is well known that the mechanism for the palladiumcatalyzed allylic amination is generally accepted to proceed via a neutral or cationic palladium π-allyl complex. The formation of a (π-allyl)-palladium complex proceeds through an SN2 reaction, and a soft nucleophile attacks from the back side of the metal. The net result of this mechanism is substitution with retention of configuration in the product [11, 42] . More recently, Piechaczyk et al. [43] have performed theoretical mechanistic studies on the palladium-catalyzed allylation of primary amines by allylic alcohol using a DFT method. They have reported that two pathways are conceivable. The first one relies on the formation of cationic Pd hydrido species and the second mechanism relies on the decomplexation of the coordinated allylammonium.
in our case, we can assume that a (π-allyl)-palladium complex 12 is probably involved in the amination of both allyl acetates and allyl carbonates. Since the nucleophile attacks both allylic positions of (π-allyl)-palladium complex 12, product 8 would be obtained in racemic form (Scheme 3) in good agreement with the result observed in our study.
Conclusion
We have shown that palladium(0)-catalyzed amination of allylic terpenic functionalized olefins is a simple and efficient route for the preparation of new terpenic amines. Since allylic acetates and carbonates are easily prepared from the corresponding alcohols, the palladium catalyzed amination can be performed with a high degree of efficiency and selectivity and has wide application in organic synthesis. The use of optically active monoterpenes as starting materials allowed preparing new asymmetric functionalized compounds derived from natural products.
